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Deprotonation reactions of multiply charged protein ions have been studied by introducing
volatile reference bases at atmospheric pressure between an electrosonic spray ionization
(ESSI) source and the inlet of a mass spectrometer. Apparent gas-phase basicities (GBapp) of
different charge states of protein ions were determined by a bracketing approach. The results
obtained depend on the conformation of the protein ions in the gas phase, which is linked to
the type of buffer used (denaturing or nondenaturing). In nondenaturing buffer, the GBapp
values are consistent with values predicted by the group of Kebarle using an electrostatic
model (J. Mass Spectrom. 2002, 38, 618) based on the crystal structures, but taking into account
salt bridges between ionized basic and acidic sites on the protein surface. A new basicity order
for the most basic sites was therefore obtained. An excellent agreement with the charge residue
model (CRM) is obtained when comparing the observed and calculated maximum charge
state. Decharging of the proteins in the electrosonic spray process could be also useful in the
study on noncovalent complexes, by decreasing repulsive electrostatic interactions. A unified
mechanism of the ESSI process is proposed. (J Am Soc Mass Spectrom 2008, 19, 455–466) © 2008
American Society for Mass SpectrometryElectrospray ionization mass spectrometry (ESI-MS) [1] rapidly became established as the methodof choice for the production of large biomolecular
ions in the gas phase. For proteins, ESI leads to the
formation of multiply charged ions, both in the positive
and negative ion modes. The charge-state distribution is
directly related to the conformation of the macromolec-
ular ions [2] and the proton transfer reactions in the gas
phase [3]. Thermodynamic information, such as values
for the gas-phase acidity/basicity (GA/GB), is essential
to the understanding of the proton transfer processes
and generation of ions by ESI in general. The intrinsic
gas-phase basicity of a [M  (n  1)H](n  1) ion or the
gas-phase acidity of a [M nH]n ion can be defined as
the free enthalpy change G0 of the reaction:
[M nH]n¡ [M (n 1)H](n1)H (1)
Since this reaction proceeds with a reverse activation
barrier, due to Coulombic repulsion between the two
charges product ions, the terms “apparent gas-phase
acidity” (GAapp) and “apparent gas-phase basicity”
(GBapp) are more appropriate. The GAapp is defined as
the sum of the G and the energy of the activation
barrier, considered as a negative term [4].
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doi:10.1016/j.jasms.2007.12.011Determination of GBapps of peptides and proteins
provides important information which is analogous to
measurements of pKa in solution. For example, pKa
values are greatly affected by intramolecular interac-
tions, and the conversion of the denatured to the native
form maximizes these interactions. Similarly, GBapp
values will also reflect the conformation of the ions in
the gas phase.
For more than 10 years, research groups have tried to
determine apparent gas-phase basicities of peptides and
proteins. For small peptides, like bradykinin and its
des-arginine analogues, the kinetic method can be di-
rectly used to determine GBapp values [5, 6]. The energy
of the activation barrier was obtained by measuring the
kinetic energy release to calculate the intrinsic GB of
two different charge states. Unfortunately, this method
is quite difficult to transfer to multiply charged protein
ions.
A bracketing technique, consisting of evaluating the
qualitative or quantitative rate of proton transfer be-
tween a neutral volatile base and protein ions was
introduced to measure GBapp values of multiply
charges ions [4, 7, 8]. In terms of instrumentation,
different systems can be used to observe the deproto-
nation reactions. High-pressure mass spectrometry
(HPMS) experiments were designed by the group of
Kebarle to study cluster formation from small organic
or inorganic ions, and water in particular [9, 10]. This
apparatus was then modified by the group of Smith
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456 TOUBOUL ET AL. J Am Soc Mass Spectrom 2008, 19, 455–466[11, 12], who developed a new Y shaped capillary interface/
flow reactor connected to a quadrupole mass spectrom-
eter. One inlet was fitted with an ESI source while the
second inlet was used to introduce the basic reactant
(volatile amines or water vapor) at a known flow rate.
Due to the poor ionization efficiency with nondenatur-
ing buffer and low ion transmission of the quadrupole
in the high mass range, mostly qualitative data were
obtained for denatured proteins. A few years later, the
groups of Cassady [13–15] and Williams [2, 4] used
ESI-FT-ICR mass spectrometers to precisely determine
the GBapps of multiply charged proteins by the brack-
eting method. A defined protein charge state is prese-
lected and allowed to react with volatile base in the ICR
cell. The kinetics of the deprotonation is then studied by
recording the signal intensities of different charge states
of a protein with different volatile bases. The rate
constant of the deprotonation reaction was found to
increase with increasing charge state of the ion and with
increasing basicity of the amine [13]. Nevertheless, most
of the experimental data dealt only with proteins
sprayed from denaturing solution. With this technique,
the ions must be stored during a long time (several tens
of seconds), leading to a lack of sensitivity, and to
difficulties to measure and control pressure and tem-
perature in the cell. Moreover, Gross et al. showed that
at least two distinct GBapp values could be attributed to
charge states 7 through 11 of disulfide-intact lysozyme
sprayed from nondenaturing buffer, due to different
conformations of the gas-phase ions that were stored for
a long time in this experiment [2]. Fast folding/unfolding
equilibria in the gas phase were recently described
when protein ions are stored in an ion trap [16] or an
ICR cell [17] leading to the coexistence of different ion
populations.
Efforts have also been made to develop models for
predicting the GBapp values of globular protein ions. In
1995, the group of Williams described for the first time
a simple electrostatic model capable of calculating the
apparent and intrinsic GB for each charge state of a
protein [4, 18]. However, recent work by Gronert, based
on ab initio calculations, showed that the equation for
the two-proton system used by Williams and coworkers
predicts GBapp values that are too low [19–21]. In 2002,
Kebarle and coworkers developed a new electrostatic
model giving access to calculated GBapp of folded
proteins [22]. This calculation is based on a correction of
the intrinsic GB of each basic site (arginine, lysine and
histidine) by taking into account the Coulombic repul-
sion energy between two positively charged sites, the
charge/(permanent or induced) dipole interaction en-
ergy and some entropic terms. All of these data were
obtained using crystal structures of the proteins, and
gave an estimated error of 5 kcal · mol1.
As alternative to the delicate FT-ICR measurements,
the reference base can be introduced directly into the
solution. The first observations based on this idea were
made by the group of Laprévote in 2001 [23]. They
showed that triethylammonium bicarbonate (TEAB)buffer leads to a reduction of the charge state of the
proteins and to a stabilization of noncovalent protein
complexes. This idea was taken up, extended, and
rationalized by Verkerk et al. in 2003 to demonstrate the
validity of their model on three different proteins [24].
Encouraging results were only obtained for lysozyme
and ubiquitin, while the agreement was poor for cyto-
chrome c where a too high-temperature on the capillary
led to denaturation. Recently, Heck and coworkers used
“proton sponges” to neutralize the most basic residues
on the proteins [25]. The results obtained are consistent
with former observations. This data were interpreted in
terms of GBapp. Nevertheless, all of these experiments
were made using different inorganic or organic salts in
the solvent, which made it impossible to determine the
relative influence of solution and gas-phase reactions,
especially in the last stages of the droplet fission and
evaporation process. Therefore, a new experimental
set-up had to be found to separate all of these effects
and confirm or discount the model developed by Ke-
barle and coworkers.
Electrosonic spray ionization (ESSI) was developed
by Cooks and coworkers in 2004 [26]. The principle is to
use a standard micro ESI source with a supersonic
nebulizing gas. Narrower charge-state distributions and
peak widths were shown in comparison with tradi-
tional ESI. Evidence was provided that fully desolvated
ions can be generated at atmospheric pressure before
they enter in the mass spectrometer.
Very recently, our group has introduced a fast and
sensitive mass spectrometric measurement of the GBapp
of peptides and proteins based on ESSI-MS [27]. Our
set-up is quite simple similar to the Y shaped capillary
interface/flow reactor developed by the group of Smith
in the early 1990s: vapor of reference bases (volatile
amines and alcohols) are allowed to react simulta-
neously with all the charge states of the protein gener-
ated by ESSI at atmospheric pressure, before them
being sampled into the mass spectrometer. Due to a
high reference base pressure, close to the saturation
pressure, and a sufficient reaction time, estimated to
few hundreds of s, a high collision rate is ensured.
One might ask whether or not a thermodynamically
allowed reaction goes to completion using this arrange-
ment, because is not possible to control the partial
pressure of the volatile bases. This is definitely the case:
when the distance between the spray tip and the
entrance of the mass spectrometer was increased and
numerous tubes containing the volatile base were
placed all along the spray axis, no change in the extent
of the deprotonation reaction was observed for every
base investigated, i.e., there is a sufficient number of
reactive collisions between the neutral base molecules
and the ions before they are sampled into the mass
spectrometer. In that case, only a 30-60 s acquisition is
necessary to acquire a mass spectrum for verifying the
presence or absence of a proton transfer to the refer-
ence base. This technique was validated by comparing
the GBapp measured by ESSI with those obtained by the
457J Am Soc Mass Spectrom 2008, 19, 455–466 REACTIONS BY ATMOSPHERIC PRESSURE BY ESSI-MSdeprotonation reaction method or the kinetic method.
Our experimental set-up based on ESSI-MS allows us to
determine GBapp of peptides and proteins at atmo-
spheric pressure with good sensitivity (for concentra-
tions less than 10 M in denaturing or nondenaturing
buffer), very good precision (less than 2%; the deviation
is calculated for deprotonation rates of 10% and 90%.)
and in a short time (less than 30 min to screen up to 23
volatile bases).
Here we present gas-phase deprotonation reactions
and GBapp measurements at atmospheric pressure by
ESSI-MS for seven different model proteins (ubiquitin,
lysozyme, ribonuclease A, -lactalbumin, cytochrome c,
human carbonic anhydrase II, creatine kinase) in native
and/or denaturing buffer. Our experimental GBapp
values are in good agreement with predicted values,
taking into account some corrections due to salt bridges
on the protein surface. Our experiments give evidence
of the validity of the Rayleigh limiting charge theory,
also known as the Charge Residue Model (CRM) [28,
29]. A unified model of the electrosonic spray process
for globular proteins can be proposed and extended to
normal electrospray.
Experimental
Materials and Sample Preparation
Ubiquitin from bovine erythrocytes, lysozyme from hen
egg white, ribonuclease A from bovine pancreas, -
lactalbumin from bovine milk, cytochrome c from equine
heart, human carbonic anhydrase II, creatine phos-
phokinase I from rabbit muscle, human hemoglobin,
and all of the volatile bases used (methanol, ethanol,
2-propanol, furan, benzonitrile, THF, anisole, am-
monia, methylamine, allylamine, ethylamine, propyl-
amine, butylamine, isopropylamine, isobutylamine, hex-
ylamine, pyridine, 3-methylpyridine, 4-methylpyridine,
cyclohexylamine, diethylamine, piperidine, di-isopro-
pylamine, triethylamine, tripropylamine, tributylamine)
were purchased from Sigma (Sigma-Aldrich Chemie GmbH,
Buchs, Switzerland).
Ten M protein solutions were desalted using 6 kDa
cutoff ultrafiltration cartridges (Micro Bio-Spin 6; Bio-
Rad, Hercules, CA) equilibrated with a 10 mM ammo-
nium bicarbonate buffer at pH 7.2 for experiments in
nondenaturing buffer. A water/methanol/acetic acid
(50/50/1, vol/vol/vol) mixture was used for experi-
ments in denaturing buffer. For the disulfide reduced
lysozyme sample, lysozyme was dissolved and purified
in 10 mM ammonium bicarbonate. Then the disulfide
bounds were reduced by adding dithiothreitol (final
concentration 20 mM) and by boiling the solution
during 30 min immediately before the MS analysis.
Mass Spectrometry
Experiments were performed on a hybrid quadrupole
time-of-flight mass spectrometer (Q-TOf Ultima; Waters/Micromass Ltd., Manchester, UK) equipped with a Z-
spray source. They were carried out at a source temper-
ature of 50 °C, a cone voltage of 45 V and a RF1 lens
voltage optimized to obtain the best mass resolution.
Argon was used as collision gas and the collision
energy parameter was typically set to 15–20 V. The
mass scale up to 6000 m/z was calibrated by injecting a
cesium iodide solution at 2 g·L1 in water/2-propanol
(1/1, vol/vol).
The ESSI source was home built [30] and close to the
one first described by Takáts et al. [26]. The samples
were delivered into the ESSI source by means of a
syringe pump (Harvard 22; Harvard Apparatus GmbH,
March-Hugstetten, Germany) at a flow rate of 2–5
L·min1. The pressure of the nebulizing gas was set to
15–20 bar and the spray voltage was constant at 2 kV.
The distance between the ion source and the entrance of
the mass spectrometer was 10 cm.
Eppendorf tubes, 1.5 mL, containing the reference
bases were placed between the ESSI source and the inlet
of the mass spectrometer, slightly below the spray path
of the ions. Like this, vapor of the volatile bases was
introduced to react with the protein ions in the atmo-
spheric pressure region. Protective masks can be used
to avoid toxic gas exposure, even if a very small amount
of base is used. Representative mass spectra were
acquired during 30 to 60 s, to obtain a good signal-to-
noise ratio. The values of GB of the reference volatile
bases are given in reference [27].
The GBapp of an individual charge state n can be
measured by monitoring the intensity ratio between the
two successive charge states [M  nH]n and [M 
(n 1)H]
(n  1)
. Criteria for the precise GBapp assignment
will be discussed later in the text. The average charge
state (ACS) is given by: ACS (NixIi)/Ii, where Ni is
the number of charges on each peak representing the
protein, and Ii is the absolute integral of each peak.
Results and Discussion
Lysozyme, Ribonuclease A, and -Lactalbumin
Figure 1 shows the mass spectra obtained with ESSI for
disulfide-intact lysozyme (MW  14,313 Da), in nonde-
naturing (Figure 1a) and denaturing buffer (Figure 1b),
reacting with different volatile reference bases. The
GBs of the bases are 195.7 (ammonia), 210.0 (ethyla-
mine), 219.7 (diethylamine), and 227.3 (triethylamine)
kcal · mol1, according to the NIST database [31]. The
first thing to notice is the successive disappearance of
higher charge states and a gradual decrease of the
average charge state (ACS) of the protein ions (Figure 2)
with increasing GB of the reference base. In nondena-
turing buffer, the charge state 7 is the highest peak in
the spectra when using no base or ammonia. The main
charge state is reduced to 6 with ethylamine and
diethylamine and to 5 with triethylamine. The spectra
with ethylamine and diethylamine are characterized by
the presence of the charge 7 or 5, respectively. The ion
458 TOUBOUL ET AL. J Am Soc Mass Spectrom 2008, 19, 455–466peak corresponding to [M  9H]9 disappeared using
ammonia as volatile reactive base, meaning that the
GBapp of charge state 9 is below to the GB of ammonia.
The GBapp of the charge states n 8 to 6, of the [M  (n 
1)](n  1) ion, respectively, can be estimated by moni-
toring the successive disappearance of the [M  nH]n
ion (Figure 3). The lines used in Figure 3 are drawn to
guide the eye; the GBapps were determined for a reduc-
tion of the [M  nH]n ion intensity of 50%. Normally,
Figure 1. Representative mass spectra obtained by reacting ly-
sozyme ions sprayed by ESSI from a nondenaturing (a) or a
denaturing (b) buffer and different neutral volatile reference
bases.
Figure 2. Average charge state (ACS) versus gas-phase basicity
of the volatile references bases for lysozyme in denaturing [dash-
dot-dash (--)] and nondenaturing [dash-filled square-dash (--)]
buffers.the GBapp values are given when a sudden break is
observed for the deprotonation rate. Unfortunately, this
break point is not so clear for multiply charged protein
ions due to a gradual transition between endergonic
and exergonic protonation reaction. Different experi-
mental criteria can be used [15, 18, 32–34] but the best
agreement between experimental and calculated values
for the dication 1,7-diaminoheptane was obtained for a
deprotonation efficiency of 50% [19]. Previous results
Figure 3. Relative intensity of two adjacent charge states for
lysozyme in a nondenaturing buffer versus gas-phase basicity of
the volatile references bases.obtained in our laboratory confirmed a very good
459J Am Soc Mass Spectrom 2008, 19, 455–466 REACTIONS BY ATMOSPHERIC PRESSURE BY ESSI-MSagreement between GBapps measured by the kinetic
method and ESSI-MS when an deprotonation efficiency
of 50% was used [27]. Thus we decided to use this
criterion to evaluate the GBapps of the multiply charged
proteins (Table 1).
In denaturing buffer, deprotonation agents which
are less basic than ammonia, such as alcohols, did not
lead to a change in the charge-state distribution (Figure
2) for the disulfide-intact lysozyme. Using ammonia,
the charge states 11, 10, and 9 disappeared implying
that the GBapps of these charge states are below or close
to the GB of ammonia and the charge state distribution
resembled that obtained in nondenaturing buffer (Fig-
ure 1b). The GBapp values obtained for charge states n 8
to 6 are different from those obtained for the same
charge state of the disulfide-intact lysozyme in the
nondenaturing buffer (Table 1). Surprisingly, these
GBapp values are lower than those obtained in nonde-
naturing condition, meaning that the disulfide-intact
lysozyme is still partially folded in the gas phase after
being spayed from a denaturing buffer. In the case of
lysozyme, the changes in charge state distribution in
this system are mediated by the four covalent disulfide
linkages between the 6–127, 30–115, 64–80, and 76–94
cystine residues, therefore, the corresponding pro-
tonation sites and conformations are not available for
disulfide-intact lysozyme. Reduced lysozyme in dena-
turing buffer was also studied. As expected more basic
residues are accessible for protonation in this case
leading to higher charge states and higher GBapp values
than those of disulfide-intact lysozyme (Table 1). These
observations provide evidence that the conformation of
the protein depends on the buffer used and on the
presence of disulfide bridges, which can prevent un-
folding of the protein ions in the gas phase as shown by
ion mobility determinations [35], leading to different
ionization sites or different conformations around the
same protonated sites.
To prove that the GBapp values measured by ESSI are
not only dependent on the protein conformation but
also on the amino acid composition, ribonuclease A
(MW  13,690 Da, 4 arginines, 4 histidines, 10 lysines)
Table 1. Values of GBapp in kcal · mol
1 obtained by deprotona
buffers, disulfide-reduced lysozyme in a denaturing buffer, ribon
Charge state
Intact lysozyme in
nondenaturing
buffer
Intact lysozyme in
denaturing buffer
4 231.3 231.3
5 231.3 231.3
6 220.4 219.2
7 214.2 202.5
8 202.5 195.7
9 	195.7 	195.7
10 	195.7
11 	195.7
12
13and -lactalbumin (MW  14,186 Da, 1 arginine, 3histidines, 12 lysines) were also studied. According to
the crystal structures, these two proteins have molecu-
lar masses and surface areas close to those of disulfide-
intact lysozyme (MW  14,313 Da, 11 arginines, 1
histidine, 6 lysines), but totally different amino acid
compositions. Moreover, -lactalbumin and lysozyme
showed similar cross-sections for all the charge states in
the gas phase, measured by ion mobility experiments
[36]. The GBapp values for different charge states of the
three proteins are reported in Table 1. For charge state
6, the GBapps measured for intact lysozyme, ribonucle-
ase A and -lactalbumin are completely different,
whereas the differences are less pronounced for the
other charge states. It is thus clear that the experimental
GBapp values depend on the amino acid composition
and not on the size of the protein.
An important question is whether or not the vapor
pressure of the reagent base can influence the data
obtained with our set up. The vapor pressures of the
bases used in our experiments differ by an estimated 2
orders of magnitude. A few simple considerations
show, however, that the large differences in vapor
pressure are not a problem. First, propylamine and
allylamine have close vapor pressures, Pv, around 0.3
atm. The extent of deprotonation was always higher for
propylamine than for allylamine. The reactivity clearly
follows the GB order (211.3 and 209.2 kcal · mol1,
respectively). Ethylamine has a Pv around 1.2 atm, four
times higher than the one of propylamine or allylamine,
but a GB (210.0 kcal · mol1) between propylamine or
allylamine. In all cases, the extent of the deprotonation
using ethylamine was higher than with allylamine and
lower than with propylamine, i.e., it is the GB that
dictates the reactivity, not the vapor pressure. Conversely,
methylamine (Pv  2.9 atm and GB 206.6 kcal · mol
1)
showed a lower extent of deprotonation compared to
allylamine, ethylamine, or propylamine. These observa-
tions clearly demonstrate that the different vapor pres-
sure values for the reference bases have no effect on our
GB measurements.
Given in Table 2 are predicted disulfide-intact ly-
sozyme GBapps taken from literature: from the group of
eaction of intact lysozyme in denaturing and nondenaturing
se A, and -lactalbumin in a nondenaturing buffer
isulfide-reduced
lysozyme in
naturing buffer
Ribonuclease A in
nondenaturing
buffer
-Lactalbumin in
nondenaturing
buffer
231.3 231.3 231.3
231.3 225.8 231.3
225.1 216.7 225.8
217.5 214.2 220.4
202.5 202.5 	195.7
	195.7
	195.7
	195.7
	195.7
	195.7tion r
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460 TOUBOUL ET AL. J Am Soc Mass Spectrom 2008, 19, 455–466group using a different nondenaturing buffer, from
Gross et al. using FT-ICR [2] and Catalina et al. using
different additives in the solution, in particular com-
pounds with very strong GB, the so-called “proton
sponges” [25]. The results obtained by Gross et al. fit the
model developed by Kebarle quite well, with a devia-
tion of less than 10 kcal · mol1 for all the values, while
the values reported by Catalina et al. are only in general
agreement with the predicted GBapp due to wide spac-
ing between reference bases. Our results obtained in
nondenaturing buffer for the disulfide-intact lysozyme
seem to be in poor agreement with the predicted values.
First, it must be noted that the maximum charge
states for the disulfide-intact lysozyme observed by
Gross et al. and Catalina et al. are 11 and 12, respec-
tively, surprisingly high for folded protein ions in the
gas phase. In fact, de la Mora has provided clear
evidence that the maximum charge Zmax carried by a
folded protein ion, approximated as a spherical struc-
ture, is close to the Rayleigh limit of solvent droplets of
the same size as the protein, and can be easily calculated
by the formula:
Zmax 0.0778MW (2)
where MW is the molecular weight of the protein [29].
Excellent agreement between the predicted and ob-
served maximum charge state of 79 proteins and non-
covalent complexes was demonstrated by Nesatyy and
Suter [37]. Table 3 reports the Zmax values calculated by
this model and the experimental values obtained with
ESSI on nine proteins in a nondenaturing buffer. Thus,
the maximum charge state accessible for the folded
lysozyme in the gas phase should be only 10. This value
is in good agreement with the values obtained by
Verkerk et al. with nanospray [24] and with our ESSI
experiments using nondenaturing conditions, but in
poor agreement with the values obtained in water by
Catalina et al. [25] and Gross et al. [2]. Partial unfolding
or different configuration in the gas phase are thought
to be the reason, which is supported by the assignment
of at least two different GBapp values for lower charge
states of the disulfide-intact lysozyme sprayed in water.
In this case the results reported in water must be
regarded with caution.
The model developed by the group of Kebarle is
based on corrections of the intrinsic GB of each basic
site (arginine, lysine, and histidine) by taking into
account stabilization of the charge by the protein envi-
ronment [22]. The first step is to calculate the electro-
static repulsions between the protonated basic residues
using the X-ray or NMR structure. Only basic sites on
the surface of the protein which are accessible to the
solvent are taken into account. The deprotonation agent
is then positioned at the center of charge of all proton-
ated residues and moved away by 6.5 Å. This new
position is assumed to be close to the position of the
transition-state for proton transfer between the proton-
ated protein and the external neutral base. By correctingTa th
e
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461J Am Soc Mass Spectrom 2008, 19, 455–466 REACTIONS BY ATMOSPHERIC PRESSURE BY ESSI-MSthe intrinsic GB of the protonated sites with electrostatic
repulsion energies and polarization effects, the GBapp of
all the basic residues can be evaluated. This model is
based on the assumption that all acidic sites are neutral
in the gas phase. It is known that most of the basic sites
are protonated and most of the acidic sites are depro-
tonated in solution at pH7. It is well known that
residues with opposite charges close in the protein
structure can form salt bridges and thereby participate
in the stabilization of a folded tertiary structure. De-
protonated acidic sites can also be protected by interac-
tions with some polar groups of the protein. Grandori
and coworkers extended these tenets to develop the
conformation dependent neutralization (CDN) theory
[38, 39]. They proposed that the charge state of folded
proteins in the gas phase corresponds to the difference
between the number of basic and the acidic sites.
Nesatyy and Suter tested this theory on 79 proteins and
noncovalent complexes but found a poor agreement
between this model and the experimental data [37].
Nevertheless, X-ray or NMR structures were not used
to determine the exact number of salt bridges and their
localization on the surface of the protein. This effort was
later on made by Prakash and Mazumdar [40]. They
showed that salt bridges and hydrogen bonds must be
taken into account to determine the maximum charge
state of protein in the positive and negative ion modes.
Moreover, they showed that the number of potassium
adducts in the positive ion mode, when using potas-
sium acetate in solution (K:protein  1:10) is equal to
the main charge state of the protein ion in the negative
ion mode. With these simple experiments, they proved
that only five of a total of 15 acidic sites of cytochrome
c can be cationized by potassium and only seven of 24
for myoglobin. They concluded that most acidic sites
are protected against cationization by hydrogen bonds
or salt bridges. Salt bridges between ionized basic and
acidic sites can surely survive to soft ionization, such as
ESI or ESSI. In contrast, when using sodium salts in the
solution molar ratio of 1 to 1000 (Na:protein), hydrogen
bounds and salt bridges are totally destroyed, leading
to a maximum charge state corresponding to the sum of
the number of acidic sites and the number of charges
Table 3. Calculated and observed molecular weight and maxim
from a nondenaturing buffer
Protein Theoretical molecular weig
Ubiquitin 8565
Cytochrome c 12373 (protein  heme  ir
Lysozyme 14313 (4 disulfide bridges)
14305 (reduced form)
-Lactalbumin 14186
Ribonuclase A 13690
Myoglobin 16946
Hemoglobin  15053
Hemoglobin  15954
Human carbonic anhydrase II 26114[3], as predicted by the simple CDN model.We propose to take into account all possible salt
bridges between ionized basic and acidic sites close on
the protein surface to correct the model developed by
the group of Kebarle. Three interesting salt bridges
between arginine 61/aspartic acid 48, arginine 125/
aspartic acid 119, lysine 1/glutamic acid 7 (Table 2)
were identified after a careful examination of the three-
dimensional structure of lysozyme (PDB: 1DPX). Argi-
nine5 , Arginine 21, Arginine 68, and Lysine 96 could be
also involved in hydrogen bonds with amide groups of
the protein backbone. As the model of Kebarle accounts
for polarization effects, we assume that the basic sites
involved in hydrogen bounds with amide groups are
still accessible to ionization and that the predicted
GBapp values must be close to the experimental values.
Table 4 shows the corrected assignment of GBapp values
in comparison with our experimental data. A good
agreement is obtained, especially for the extreme charge
states 4, 5, 8, and 9. For charge states 6 and 7 the
deviation may be explained by errors in the experimen-
tal (2 kcal · mol1 for charge state 7) and predicted
(5 kcal · mol-1) values. Moreover, two different con-
formations with very similar cross sections were sus-
pected by cross section measurements using ion mobil-
ity mass spectrometry [35].
On one hand, predicted and experimental values of
GBapp obtained with ESI-FT-ICR (kinetic method [2]) or
nanoESI-TOF (different buffers [24, 25]) are in good
agreement for lysozyme. As discussed in the introduc-
tion, these results must be regarded with caution. On
the other hand, our experiments realized with ESSI and
the experiments made by Prakash and Mazumdar with
ESI seem to confirm the conservation of salt bridges in
the gas phase supporting the validity of a refined
Kebarle’s model. The types of ionization sources and
mass analyzers can have influence on the GBapp mea-
surements due to different protein ion conformations
preserved in the gas phase. ESSI is a very gentle
ionization technique leading to folded proteins and
maintenance of noncovalent complexes in the gas phase
[28, 41]. The fast droplet evaporation due to the high
nebulizing gas pressure, which could “freeze” the stud-
ied system, may be at the origin of this. Our results on
arge state (Zmax [37]) for different proteins sprayed by ESSI
Experimental
molecular weight Zmax calculated Zmax observed
8565 7 6
12371 8 8
14310 10 9–10
14302
14185 10 10
13685 10 10
16950 10 10
15055 9 10
15960 9 10
29160 13 12al ch
ht
on)lysozyme in nondenaturing buffer show that salt
1462 TOUBOUL ET AL. J Am Soc Mass Spectrom 2008, 19, 455–466bridges are conserved in the gas phase with ESSI, but
destroyed when using harsher conditions.
Ubiquitin
Taking into account the possible salt bridges between
arginine 74/aspartic Acid 39, lysine 27/aspartic acid 52,
and lysine 63/glutamic acid 64 identified on the crys-
tallographic structure of ubiquitin (PDB: 1UBQ, human
ubiquitin identical in sequence and 3D structure than
bovine ubiquitin), Kebarle’s model was refined and
compared to the experimental values obtained with
ESSI-MS in denaturing and nondenaturing buffer (Ta-
ble 5). Arginine 72 is on the protein surface, fully
accessible to the solvent for protonation but is missing
in the analysis presented by Verkerk et al. As Arginine
has an intrinsic GB of 251 kcal · mol1, 14 kcal · mol1
above that of histidine or lysine, arginine 72 was added
in Table 5 but without any GBapp value. Our experimen-
tal data are in very good agreement with the predicted
values corrected by the presence of salt bridges.
It must be mentioned that in ammonium bicarbonate
a back shift is observed when plotting the intensity ratio
between the charge state 5 and 4 against the GB of the
volatile deprotonation agents (Figure 4). Up to ammo-
nia, this ratio is constant and equal to about 2.6, but for
GBs of the volatile base between 206.6 kcal · mol1
(methylamine) and 215.0 kcal · mol1 (cyclohexylamine)
this ratio increases. An increase of the signal-to-noise
ratio was also observed. A sudden break is obtained for
diethylamine (219.7 kcal · mol1) due to the complete
disappearance of the charge state 5 from the spectrum.
Table 4. GBapp values for lysozyme calculated by the group of
bridges compared to our measurements in a nondenaturing buffe
Charge state
Newly protonated
amino acids
Corrected GBapp
the gro
1 Arg114
2 Arg14
3 Arg68
4 Arg21
5 Arg5
6 Arg112
7 Arg128
8 Arg73
9 Lys96
10 Lys97
Table 5. GBapp values for ubiquitin calculated by the group of K
bridges compared to our measurements in the nondenaturing bu
Charge state
Newly protonated
amino acids
Corrected GBapp
the gro
1 Arg54
2 Arg72
3 Arg42
4 Lys33
5 Lys6
6In pure water, the sensitivity was low because only
H3O
 ions, produced by autoprotolysis of water, can
act as proton donors. Nevertheless, the back-shift for
aqueous solution was observed from ammonia through
diethylamine. This phenomenon could be rationalized
by the fact that the observed charge state distribution
depends on the number of accessible protons and on
Coulombic repulsions. The group of Kebarle gave some
evidence that, when using nondenaturing buffer, the
first step after the droplet fission is the neutralization of
the charged residues on the protein surface by ion
pairing [3]. Then the charging of the protein by remain-
ing NH4
/H3O
 ions, when using ammonium salts or
water as nondenaturing buffer, respectively, occurs via
transfer proton reactions controlled by the GB. Finally,
during the so called clean-up stages, small aggregates,
formed by the multiply charged protein and some
remaining NH4
/H3O
 ions and some neutrals (mainly
ammonia and ammonium salt ion pairs/water) are disso-
ciated. It was already shown that the energy supplied to
achieve desolvation may also lead to charge loss [42],
which could explain the back-shift phenomenon.
Cytochrome c
The case of cytochrome c is much more complicated.
The GBapp values for different charge states of cyto-
chrome c in denaturing and nondenaturing buffer were
experimentally measured (Table 6). It must be noted
that the group of Kebarle also had some difficulties to
obtain useable results for cytochrome c due to denatur-
ation processes occurring in solution when electro-
rle [24] and refined by taking into account the possible salt
the model developed by
f Kebarle [24]
Experimental GBapp obtained
with ESSI-MS
51.0
48.1
44.0
40.9 231.3
33 231.3
27.1 220.4
23.9 214.2
06.0 202.5
96.0 	195.7
88.1
le [24] and refined by taking into account the possible salt
the model developed by
f Kebarle [24]
Experimental GBapp obtained
with ESSI-MS
51.0
—
41 231.3
23 225.8
11 216.5Keba
r
from
up o
2
2
2
2
2
2
2
2
1ebar
ffer
from
up o
2
2
2
2
— 	195.7
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charge states n 9 to 17 have exactly the same GBapp,
close to that of ammonia (195.7 kcal · mol1), while the
GBapp of charge state 8 is close to that of methylamine.
For the charge state 7, two GBapp values can be assigned
due to two different transitions (Figure 5), meaning that
two distinct conformations must coexist in the gas
phase. For the charge state 6, only one GBapp value was
determined, although three distinct conformations have
been observed for charge state 7 of cytochrome c
sprayed from denaturing solution using ion mobility
measurements [43]. In the nondenaturing buffer, only
one GBapp was attributed for each charge state. These
values are close to those obtained in denaturing buffer.
Cytochrome c ions are quite sensitive to the mass
spectrometric conditions. The group of Grandori
proved that cytochrome c is prone to denaturation
when increasing the curtain gas flow or the pH [44].
Due to the supersonic nebulizing gas used for ESSI
measurements, partial denaturation is possible and a
Figure 4. Relative intensity of the charge states 4 and 5 for
ubiquitin in a nondenaturing buffer versus gas-phase basicity of
the volatile references bases.
Table 6. Experimental values of GBapps for cytochrome c in den
to the calculations made by the group of Kebarle [24]
Charge
state Amino acids
Corrected GBapp from the
model developed by the
group of Kebarle [24]
Experi
ESSI-M
1 Heme
2 Arg38 251
3 Arg91 247
4 Lys7 229
5 Lys55 225
6 Lys13 221
7 Lys72 216
8 His26 212
9 Lys53 209
10 Lys27 203
11 Lys99 198
12 Lys22 195
13considerable number of salts bridges on the protein
surface could be destroyed. Taking this into account,
and considering the fact that the iron in the heme can
contribute one positive charge, a good correlation be-
tween the estimated and experimental GBapp values
was demonstrated.
Human Carbonic Anhydrase II and
Creatine Kinase
Denaturing buffer produces fully unfolded but also
partially folded protein ions. The ion population distri-
bution depends strongly on the charge states and many
different ion conformations were observed by ion mo-
bility spectrometry for lysozyme [35], ubiquitin [45] and
cytochrome c [43] in denaturing buffer. If different
conformations with different GBapp coexist in the
gas phase, bi(/multi)modal charge-state distributions
should be observed after proton transfer, at least under
certain experimental conditions, reflecting the different
ng and nondenaturing buffers obtained by ESSI-MS compared
tal GBapp obtained with
r cytochrome c in non-
naturing buffer
Experimental GBapp obtained with
ESSI-MS for cytochrome c in
denaturing buffer
231.3 231.3
231.3 231.3
223.5 225.8
218.3 207.4/218.3
206.6 206.6
	195.7
	195.7
	195.7
	195.7
Figure 5. Relative intensity of the charge states 6 and 7 for
cytochrome c in a denaturing buffer versus gas-phase basicity of
the volatile references bases.aturi
men
S fo
de	195.7
464 TOUBOUL ET AL. J Am Soc Mass Spectrom 2008, 19, 455–466reaction rates for equally charged ions. Interestingly,
only one GBapp value was attributed with ESSI-MS,
except for the charge state 7 of cytochrome c. This could
be explained by the fact that ESSI is capable of “freez-
ing” the system studied and of retaining only one of the
conformations for these three proteins. In the case of
human carbonic anhydrase II and creatine kinase in
denaturing buffer, bimodal distributions were observed
when increasing the GB of the volatile reference base
(Figure 6). A first ion population (m/z 1000–1800 with
no base) is quite insensitive to deprotonation while a
second ion population (m/z 1800–3000 with no base)
behaved like a partially folded protein in the gas phase.
For the first time, as far as we know, coexistence of two
or more distinct gas-phase ion conformations is dem-
onstrated for these proteins. To confirm our analysis,
ion mobility experiments should be carried out in the
future.
A Unified Model for ESSI Ion Production
While the small ions are likely to be produced by the ion
evaporation model (IEM) [46], large macro ions, such as
nondenatured proteins seem to be produced by the
charge residue model (CRM) [29, 47]. The IEM model
developed by Iribarne and Thomson states that sol-
vated ions are emitted directly from charged droplets
Figure 6. Representative mass spectra obtained by reacting hu-
man carbonic anhydrase II (a) or creatine kinase (b) ions sprayed
by ESSI from a denaturing buffer and different neutral volatile
reference bases.after the radii of the droplets decrease to a suitable size.At an intermediate stage of the droplet fission, the
charge density on the droplet surface is lower than the
Rayleigh limit but sufficient to eject a charged analyte,
solvated by few solvent molecules [46]. On the other
hand, Dole and coworkers proposed a succession of
Coulomb fissions leading to a naked ion retaining all
the charge of the initial droplet [48, 49]. Taking into
accounts our observations and the pioneering research
of the groups of de la Mora, Kebarle, Cole [47] and
Mazumdar, we can propose a unified model for the
electrosonic spray ionization process for folded and
stable proteins in the gas phase, which is based on the
accepted ion formation model for ESI:
1. “Charging by proton transfer reaction in the gas
phase”. The group of Kebarle tried to understand
the chemistry of the charging of globular proteins in
nondenaturing buffers, such as ammonium acetate
[3]. In the first steps, ions pairs between NH4
 ions
and ionized acidic groups and acetate/carbonate
ions and ionized basic groups of the protein are
formed in solution. During the desolvation process,
these ion pairs are gradually destroyed leading
to the formation of neutral acidic and basic sites.
When the solvent is reduced by evaporation to a
(few) mono-layer(s) over the protein, gas-phase con-
ditions prevail. Our experiments confirm that the
charging of the protein is controlled by GB. Excess
NH4
 on the surface of the droplets will provide
charges to the protein by protonation reactions,
which only occurs when the GBapp of the basic site
of the protein is higher than the GB of NH4
.
2. “The maximum charge state depends on the volume
of the folded protein”. De la Mora has provided
good evidence that the folded protein ions are
produced by the CRM model [29]. The idea was to
consider that after some fission events the volume of
the droplet is close to the volume of the folded
protein and that the droplet will transfer all the
charge to the mostly neutral protein. Beauchamp
and coworkers provided evidence that the droplets
remain close to the Rayleigh limit after fissions [50].
Thus, the maximum protein charge will be equal to
the charge Zmax of a droplet at the Rayleigh limit,
with the same size of the protein. Zmax can be
calculated with the Rayleigh equation and the ra-
dius of the folded protein, estimated by X-ray or
NMR data. This model was developed in the case of
ESI. Our results for ESSI are fully consistent with
this model, meaning that a faster evaporation
should not disturb too much the last step of the
fission process.
3. “The charge state distribution of a folded protein is
determined by both GBapp, the maximal charge
Zmax, and the Coulombic repulsions”. If the number
of basic sites which can hold a proton in the gas
phase is lower than Zmax, the charge state distribu-
tion will be determined by the GBapp values. Other-
wise, the charge distribution will be determined by
465J Am Soc Mass Spectrom 2008, 19, 455–466 REACTIONS BY ATMOSPHERIC PRESSURE BY ESSI-MSthe Rayleigh limit. The back-shift observed for ubiq-
uitin and cytochrome c with some reference volatile
bases demonstrated the important role that Coulom-
bic repulsions play in the ionization process. A
higher signal-to-noise ratio and a shift of the charge
state distribution to higher m/z values can be ob-
served when a volatile reference base with a high
steric volume is used.
4. “Salt bridges can be maintained in the gas phase”.
As showed by Prakash and Mazumdar [40] and by
our results on lysozyme and ubiquitin, the salt
bridges between deprotonated acidic sites and pro-
tonated basic sites close on the protein surface can
be maintained in the gas phase if the ionization
process is very soft or if the folded conformation of
the protein is sufficiently stable in the gas phase.
This point is quite surprising regarding to a thermo-
dynamic point of view. In fact, deprotonated car-
boxylic groups are more basic than protonated basic
groups. When adding a high amount of sodium
salts, these salt bridges are destroyed leading to
cationization of all the acidic sites and some basic
sites [3]. Thus, the GBapp values are directly linked
to the ion gas-phase conformation, which are ex-
pected to be close to the crystal structures for well
structured proteins as a first approximation. In the
case of ESSI, the fast droplet evaporation due to the
high nebulizing gas pressure could “freeze” the sys-
tem in one specific conformation.
The question of the charge state distribution for pro-
teins dissolved in denaturing buffer remains difficult
and no general rules can be formulated. In fact, ion
mobility [40, 43, 45], H/D exchange [17] measurements,
as well as our results showed that several ion confor-
mations can coexist in the gas phase when proteins are
sprayed from denaturing solution. Structural inter-
conversions can occur depending on the time scale of
the experiments [16, 51]. Coupling ESSI-MS with ion
mobility mass spectrometry could be a very interesting
tool to further continue these studies.
Conclusions
ESSI-MS offers the unique possibility to measure the
GBapp values of proteins at atmospheric pressure with
good sensitivity (for concentrations less than 10 M in
denaturing or nondenaturing buffer), good accuracy, in
a short time (less than 30 min to screen up to 23 volatile
bases) and in denaturing or nondenaturing buffers.
We proved that the electrostatic model developed by
the group of Kebarle and the Charge Residue Model are
valid for ESSI when taking into account the salt bridges
on the surface of the protein.
As demonstrated by the group of Cooks, noncova-
lent complexes can also be observed by ESSI [41]. Our
group has very recently shown that ESSI produces
noncovalent complexes in the gas phase more easily
than ESI and nanospray [30]. The difference of timescale of the desolvation could be an explanation of the
increase of stability observed with ESSI. The fast droplet
evaporation during ESSI process, due to the high neb-
ulizing gas pressure, seems to be able to “freeze” the
studied system in one specific conformation. Further
study is under progress in our laboratory to better
understand the links between the ionization mecha-
nism, the different conformation in the gas phase
and the experimental data obtained on noncovalent
complexes.
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